We examined the emergence of CXCR4 (i.e., X4) tropism in 67 male human immunodeficiency virus type 1 (HIV-1) seroconverters from the Multicenter AIDS Cohort Study (MACS) who were selected to reflect the full spectrum of rates of HIV-1 disease progression. A mean of 10 serial samples per donor were evaluated by a laboratory-validated, commercially available assay to determine phenotypic coreceptor use. A total of 52% of men had dual-or mixed-tropic HIV-1 detected at 1 or more of the time points tested. Use of X4 by HIV-1 was detected more frequently among men who developed AIDS (defined as a CD4
B virus [1] , although a higher percentage has been suggested on the basis of studies that used sensitive detection techniques [2] . The presence of X4 viruses has been associated with accelerated disease progression and a decrease in CD4 ϩ T cells [3, 4] , but despite descriptions of in vitro cytopathicity of X4 viruses [5] [6] [7] , no causal in vivo relationship or mechanism for this association has been proven [8, 9] . In 3 studies of coreceptor evolution during untreated HIV-1 infection [3, 4, 10] , X4 viruses tended to emerge just before the beginning of the decrease in the total (CD3 ϩ ) T cell count (i.e., the CD3 ϩ inflection point) that presages the onset of an AIDSdefining illness [11] . The ability of HIV-1 to bind to CXCR4 may facilitate destruction of naive T cells, which preferentially express CXCR4 as opposed to CCR5 [8] , and thus may contribute to more rapid depletion of T cells.
The uncertainty surrounding mechanisms of selection and evolution of X4-using HIV-1 and the inability to predict the emergence of these strains have taken on greater importance since the development of CCR5 antagonists as inhibitors of HIV-1 replication [12, 13] . For example, in a recent study of monotherapy with a CCR5 antagonist, X4 viruses present in low amounts replaced the R5 population shortly after commencement of therapy [14] . This has led to concern that use of CCR5 antagonists may predispose to selection of CXCR4-tropic viruses and, thus, to faster progression of HIV-1 disease than would occur without blockade of CCR5.
To further characterize the emergence of X4 strains during HIV-1 infection, we undertook a systematic analysis of HIV-1 coreceptor tropism in men from the Multicenter AIDS Cohort Study (MACS; study Web site available at: http://www.statepi .jhsph.edu/macs/macs.html) who were selected for this study in order to reflect the full spectrum of rates of HIV-1 disease progression. Our specific goals were to evaluate (1) the timing of X4 virus emergence with respect to CD3 ϩ T cell decline and development of an AIDS-defining event, (2) the degree to which emergence of X4 viruses correlates with an increased risk of rapid disease progression, and (3) whether determination of the CD4 ϩ T cell count can be an accurate screen for detectable levels of CXCR4-tropic viruses.
SUBJECTS, MATERIALS, AND METHODS

Study population.
The MACS is a longitudinal study of the natural history of HIV-1 infection in men who have sex with men that has enrolled 6972 men in Baltimore, Pittsburgh, Chicago, and Los Angeles. A total of 4953 men were enrolled during 1984 -1985 [15] , 668 during 1987-1991, and 1351 during 2001-2003. Men have been followed up at 6-month intervals with administration of questionnaires, physical examinations, and collection of blood specimens. Some specimens undergo immediate laboratory analysis to determine characteristics such as plasma viral load and T cell subsets, whereas others, including plasma, serum, and cryopreserved peripheral blood mononuclear cells, are stored for future use.
Participants for the present study were selected from 425 MACS participants who seroconverted before 1995, whose seroconversion dates were known with an accuracy of Ϯ5 months [16] , and who had frequent study visits and unthawed samples available from most visits. Progression of HIV-1 disease was defined in terms of the interval between seroconversion and onset of an AIDS-defining event, defined as development of a CD4 ϩ T cell count of Ͻ200 cells/L on 2 consecutive study visits and/or an AIDS-defining illness. Progression was considered rapid if the interval was 5 years, moderate if it was Ͼ5 to 9 years, slow if it was Ͼ9 to 11 years, and very slow if it was Ͼ11 years or if no event was recorded during Ͼ11 years of follow-up. The follow-up times for individuals who started highly active antiretroviral therapy (HAART) before development of AIDS were censored at the date of HAART initiation. If available, plasma specimens obtained at the first postseroconversion time point and every 12 months thereafter were tested. Because of previous studies that linked the emergence of X4 viruses to the onset of CD3 ϩ T cell decline [2, 10] , samples from men with an inflection point as defined elsewhere [17] were studied at 6-month intervals for 2 years before and after the inflection point. HIV-1 phenotypic analysis. Serum that had never been thawed was aliquotted, and 0.5-1 mL was shipped on dry ice to Monogram Biosciences (formerly Virologic; South San Francisco, CA) for rethawing and subsequent analysis of phenotypic coreceptor use by means of the PhenoSense Entry assay (currently marketed as the Trofile assay). This is a laboratoryvalidated, commercially available assay [18] . Briefly, the plasma or serum specimen is thawed, the viral RNA extracted, and the full-length env genes amplified by PCR. The env genes are cloned into a vector and cotransfected with a luciferase reporter pseudovirus lacking the env gene. The pseudovirions produced are used to infect U87 human cell lines expressing CD4 and either CCR5 or CXCR4. The ability of the pseudovirions to enter the cells is detected by chemiluminescence and expressed as relative light units (RLU), which reflect the distribution of tropisms in the donor's circulating swarm of HIV. The assay does not distinguish between truly dual-tropic viruses and mixed populations of viruses tropic for either CCR5 or CXCR4. It can reliably detect a minority population that consists of as little as 5%-10% of the total viral population [19] .
Statistical analysis. Men in whom X4 virus was detected at any time point were compared with men with persisting R5 virus, according to age at seroconversion, race, MACS study site, year of seroconversion, CCR5⌬32 heterozygosity, and early CD4 ϩ T cell counts and log 10 plasma HIV RNA loads. Early CD4 ϩ T cell count and viral load were defined as the average of all measurements made during the first 2.5 years following seroconversion. The statistical significance of differences within the study group and those between the study group and the overall group of MACS seroconverters was determined using 2 tests for categorical variables and t tests with unequal variances for continuous variables. The overall group was defined as all men who seroconverted before 1995 and whose date of seroconversion was known with an accuracy of Ϯ5 months. Logistic regression models in which the 4 progression groups were incorporated as independent variables were used to examine whether X4 emergence before onset of AIDS (treated as the dependent variable) was related to the rate of progression to AIDS. The rate of progression to AIDS was evaluated according to the following 3 outcomes: the time to achievement of a confirmed CD4 ϩ T cell count of Ͻ200 cells/L, the time to onset of an AIDS-defining illness, and the time to the earlier of these events. Repeated measurement logistic regression was used to examine whether a change in a biomarker (i.e., CD4 ϩ T cell count or plasma HIV-1 RNA concentration) from one visit to the next influenced the emergence of X4 virus at the later visit. Product-limit nonparametric survival analyses were used to describe the distribution of time from emergence of X4 virus to development of a CD4 ϩ T cell count of Ͻ200 cells/L and/or an AIDS-defining illness or to censoring at initiation of HAART. We considered the ␣ for statistical significance to be .05.
RESULTS
Characteristics of the study population. The population selected for study consisted of 67 men, who contributed 678 samples for testing. Tropism was determined in 630 samples (93%) and could not be determined for 48 specimens (7%), mainly because of low viral loads (i.e., Ͻ1000 copies/mL). On average, samples from 10 time points were tested per patient; more samples (mean, 11) were tested for men with slow disease progression (hereafter, "slow progressors"), and fewer (mean, 7) were tested for those with rapid disease progression (hereafter, "rapid progressors"). Of the 67 men enrolled, 35 (52%) exhibited an X4 virus at any of the time points tested. These men did not differ from the 32 men who had persistent CCR5 tropism with respect to age, seroconversion date, race, or study center (table 1) . However, they did have higher early HIV loads, a difference that was of borderline statistical significance (P ϭ .08), and were more likely to be CCR5⌬32 heterozygotes, a difference that was not significant (P ϭ .11). Table 1 also compares the study population with the group of all seroconverters from the MACS. The study slightly oversampled seroconverters enrolled in Baltimore and Los Angeles. The average CD4 ϩ T cell counts during the first 2.5 years after seroconversion were slightly higher in the study sample than in the total seroconverting population (P ϭ .08), but this difference was insignificant after adjustment for higher CD4 ϩ T cell counts in general among men in Baltimore relative to those among men at the other study sites. The other characteristics examined were similar in the study group and all seroconverters in the MACS, as were proportions of rapid progressors (29% vs. 31%, respectively) and men with very slow progression of disease (hereafter, "very slow progressors"; 24% vs. 26%, respectively).
Emergence and detection of X4 virus. Figure 1 shows representative natural histories of disease progression in subjects from each progression category, in terms of CD4 ϩ T cell counts, CD3 ϩ T cell counts, and luminescence for CCR5-and CXCR4-tropic viruses. Most determinations were clearly positive for one or both types of virus, with few low-and, therefore, potentially equivocal-values. In addition, there was usually a clear increase in the luminescence associated with emergence of X4 virus over several time points. As in previous studies, total (i.e., CD3 ϩ ) T cell levels fluctuated but were generally lower after the T cell inflection point than at any point before this time. Figure 2 shows the individual patterns of viral coreceptor use over time among the 67 men studied. For all 35 men in whom X4 virus was detected, use of CCR5 coreceptors by HIV-1 was concomitantly detected in the X4 virus-positive specimens. (As mentioned, the assay used does not distinguish between viruses that can bind both coreceptors and mixtures of monotropic viruses.) Of these men, 27 (77%) continued to exhibit X4 viruses, whereas 8 (23%) had at least 1 reversion to "pure" R5 viral populations (i.e., populations in which X4 viruses made up less than 5%-10% of the total viral population).
The likelihood of X4 virus emergence increased with the time since seroconversion for up to 8 years ( figure 3) . The earliest emergence of X4 viruses was ϳ15 months after seroconversion, observed in 2 men; for one of them, the sample yielding this finding was the earliest sample for which tropism could be determined. Four men (6.0%) developed a detectable level of X4 virus 2 years after seroconversion; all 4 were rapid progressors, with development of an AIDS-defining illness and/or a CD4 ϩ T cell count of Ͻ200 cells/L by 3.5 years after seroconversion.
Risk of X4 virus emergence, by rate of disease progression. Of the 67 men studied, 9 started HAART 9 years after seroconverting without having developed an AIDS-defining illness or a CD4
ϩ T cell count of Ͻ200 cells/L. These men were excluded from the analysis of HIV-1 disease progression. Fourteen (24.1%) of the remaining 58 subjects were rapid progressors, 23 (39.7%) had moderate progression of disease (hereafter, "moderate progressors"), 7 (12.1%) were slow progressors, and 14 (24.1%) were very slow progressors. A total of 55 (95%) developed an AIDS-defining illness or a CD4 ϩ T cell count of Ͻ200 cells/L before HAART initiation. Three moderate progressors who developed AIDS shortly after initiating HAART were retained in the analysis because HAART initiation and AIDS onset both occurred 5-9 years after seroconversion. Compared with very slow progressors, all other groups were more likely to have X4 virus detected at any time point before development of an AIDS-defining illness or a CD4 ϩ T cell count of Ͻ200 cells/L, with odds ratios (ORs) of 4.9, 6.9, and 1.5 for the rapid, moderate, and slow progressors, respectively (table 2) . When progression to AIDS was defined separately as the development of a CD4 ϩ T cell count of Ͻ200 cells/L or as the development of an AIDS-defining illness, the corresponding ORs were somewhat higher, ranging from 4.0 to 15.9 (table 2) . Among men who developed either a CD4 ϩ T cell count of Ͻ200 cells/L or an AIDSdefining illness, X4 virus emerged before the AIDS-defining event in 52% of subjects (25 of 48) and at the same time as the event or shortly thereafter in 13% (6 of 48). In contrast, X4 virus emerged in only 30% of men (3 of 10) for whom neither event occurred before HAART initiation (P ϭ .04). By nonparametric survival analysis of the 28 men with X4 emergence before an AIDS-defining event, the median time from emergence of detectable X4 virus to development of either a CD4 ϩ T cell count of Ͻ200 cells/L or an AIDS-defining illness was 13. Of the 502 person-visits at which CD4 ϩ T cell counts were Ͼ200 cells/L, X4 virus was detected at 77 (15.3%).
Temporal association between emergence of X4 virus and loss of T cell homeostasis. Onset of circulating CD3
ϩ T lymphocyte decline has been described as a marker for impending immunological decline [4, 11, 17, 20] and is referred to as the CD3 ϩ T cell inflection point. Fifty (75%) of 67 men in this study had a clearly defined CD3 ϩ inflection point, which is comparable to the prevalence (77%) among men with progressive HIV-1 infection described in the study by Gange et al. [17] . Twentyseven men (54%) with a CD3 ϩ inflection point had X4 virus detected before inflection, compared with only 4 (24%) with no inflection point (P ϭ .03). Nonparametric survival analysis revealed that the median time from X4 emergence to the inflection point was 1.23 years (IQR, 0.33-3.22 years). For 31 men with an inflection point in whom X4 virus emerged, the median time 
DISCUSSION
In this nonrandom selection of individuals, approximately twothirds of the men who developed AIDS also developed X4-tropic or dual (i.e., X4R5)-tropic virus. This proportion was significantly higher among men with more rapid progression than 
NOTE.
Data are no. of subjects, unless otherwise indicated. Progression to AIDS was defined as a CD4 ϩ cell count of Ͻ200 cells/L on 2 consecutive study visits and/or onset of an AIDS-defining illness and was considered rapid if the time since seroconversion was 5 years, moderate if the time was Ͼ5 to 9 years, slow if the time was Ͼ9 to 11 years, and very slow if the time was Ͼ11 years or if no event was recorded during Ͼ11 years of follow-up.
a Nine men were excluded because they initiated highly active antiretroviral therapy (HAART) 9 years before development of a CD4 ϩ T cell count of Ͻ200 cells/L or an AIDS-defining illness.
b Odds ratios (ORs) and P values for X4 emergence before event versus R5 persistence or X4 emergence at or after the event, using the very slow progressors as the reference group.
c ORs and P values for X4 emergence at any time (before or at/after event) versus R5 persistence, using the very slow progressors as the reference group.
d Sixteen men were excluded because they initiated HAART before development of a CD4 ϩ T cell count of Ͻ200 cells/L.
e Fifteen men were excluded because they initiated HAART before development of an AIDS-defining illness. f ORs and P values for X4 emergence before AIDS onset versus R5 persistence, using the very slow progressors as the reference group.
among those with slower progression. Men who developed X4 viruses had a significant acceleration in the decline of CD3 ϩ T lymphocytes, which commenced, on average, ϳ1 year after the first appearance of these viruses, similar to previous reports. These data are consistent with a causal relationship between emergence of X4 virus and onset of decreases in the T cell count, although the presence of X4 variants at a time before they were detected by the assay used cannot be excluded. Approximately 37% of individuals developed a CD4 ϩ T cell count of Ͻ200 cells/L and/or an AIDS-defining illness without detectable X4 virus; this was more common among slow and very slow progressors but was also seen in rapid and moderate progressors. It is possible that more frequent sampling might reveal a higher prevalence of X4 viruses among persons progressing to AIDS, especially considering the observation in this and other studies [2, 21] that X4 viruses may decrease in frequency or disappear during HIV-1 infection.
We found that men who did not have AIDS first exhibited X4 virus at relatively high CD4 ϩ T cell counts, with a median value of 475 cells/L. This closely resembles the corresponding value of 0.48 ϫ 10 9 cells/L found by Koot et al. [3] in a prospective study that used the MT-2 assay for detection of syncytiuminducing viruses. Prospective studies would be expected to yield earlier times of detection and, thus, higher CD4 ϩ T cell counts at detection, compared with cross-sectional studies. In the present study, median CD4 ϩ T cell counts at first detection of X4 viruses were relatively high in all progression groups, indicating that X4 expression at high CD4 ϩ T cell counts is quite common. In cross-sectional studies, the presence of X4 virus was strongly associated with a low CD4 ϩ T cell count [22] [23] [24] [25] , but even in such studies it has been noted that a substantial proportion of subjects with X4 viruses can have high CD4 ϩ T cell counts [25] . Taken together, the results of both longitudinal and crosssectional studies suggest that restriction of tropism testing to HIV-infected persons with low CD4 ϩ T cell counts will lead to substantial underdetection of X4 viruses in the overall population. In particular, on the basis of current treatment guidelines, many patients will have developed X4 viruses before they are considered for antiretroviral therapy. Among newly infected men, those in whom X4 virus emerged at some later date tended to have higher plasma HIV RNA values than those who expressed only R5 viruses (P ϭ .08). Plasma HIV RNA load was also found to be a strong predictor in another study [23] . Finally, the finding of relatively high CD4 ϩ T cell counts at the first appearance of X4 viruses supports an etiologic role for these viruses in the decrease of T cell counts. A limitation of the present study is the possibility that minority variants of HIV-1 were missed. This may have happened if they were present at less than 5%-10% of the viral population at a given time point. However, the assay used has been validated in laboratory studies [19] and in several large clinical trials, including ACTG 5211, MOTIVATE 1, MOTIVATE 2, and Maraviroc Study A4001029. In the latter study, treatment-experienced patients with dual/mixed-tropic HIV-1 demonstrated no significant reduction in HIV-1 RNA, as opposed to the previous studies involving patients with CCR5-tropic virus [26] . Therefore, it is likely that the vast majority of the results reported here reflect the true HIV-1 coreceptor phenotype in these men, at least to the extent that we can measure it today. Reproducibility of the test could also be a limitation, because a small percentage of subjects entering clinical trials have exhibited changes from R5 to X4 virus during the first few weeks after study entry without concomitant changes in antiretroviral therapy [25, 26] . However, these changes are believed to reflect variability of the test at low or borderline levels of X4 virus, which is probably due to the biologic variability of viral populations in the host, because the reproducibility of the test on replicate samples has been excellent [19] . In most of the samples tested in the present study, X4 virus levels were high and unequivocal.
The factors responsible for the emergence of X4 viruses are not known. In this study, neither CD4 ϩ T cell count nor plasma HIV-1 RNA level at a given visit was associated with the presence of X4 virus at the following visit. It has been suggested that an increase in natural ligands of CCR5 or a down-regulation of CCR5 itself may confer a selective advantage on viruses that use other coreceptors [27] . Alternatively, a change in the relative abundance of memory and naive T cells may favor emergence of X4 viruses later during the course of disease [28] .
The results of this study are consistent with the hypothesis that it may be prudent to initiate HAART as soon as X4 viruses are detected, because such treatment can prevent X4 virus-associated disease progression and thereby improve treatment outcome. A recent report that compared viral tropism between treatment-experienced patients and treatment-naive patients by means of the same assay used here found a significant increase in the prevalence of X4 virus in the treated group [29] . This finding was somewhat confounded by the more advanced stage of disease in the treated group, but not completely so. An early report suggested that HAART initiation before genotypic evidence of CXCR4-tropism development was associated with a better longterm outcome than HAART initiation after X4 virus had been detected [22] . However, a more recent report from the same group, classifying viruses as R5 or X4 by means of the same assay used in this study, did not find that the presence of X4 virus before treatment initiation was correlated with poorer response to treatment [23] . Further complicating this question is the possibility that X4 virus may be more susceptible to antiviral drugs other than entry inhibitors [30] . Data also suggest that cellular reservoirs of HIV-1 may become more CXCR4 tropic in the presence of HAART [31] . Thus, caution in the use of CCR5-entry inhibitors and close monitoring of persons who receive them are warranted. However, emergence of X4 virus during therapy with maraviroc may not be associated with immunologic decline and may be reversible on discontinuation of maraviroc [26] .
The results from this study were derived from men with subtype B HIV-1 infection. Emergence of X4 viruses has been reported in persons infected with other subtypes of HIV-1, but it should be kept in mind that relationships between X4 viruses associated with non-B subtypes and HIV-1 disease progression may be different from the relationships described in this study.
